INTRODUCTION
Pattern reversal visual evoked response (PVER) was first introduced by Spekreijse (1966) more than a quarter of a century ago. Numerous investigators reported that the PVER reflects the central retinal function, thus PVER results are well correlated with psychophysical results, such as visual acuity (VA0.
Although the PVER is now applied in many clinical disciplines, there is no general consensus on either the recording methodologies or the interpretation of the PVER results. For instance, when determining the PVER acuity, some investigators look at the smallest check sizes that produce a certain amplitude voltage of PVER; others use the extrapolation me.thod to determine the PVER acuity. In previous studies using various methods, good correlation was found between the VA measured by PVER, Snellen measurement, and other methods (Howe, Mitchell & Robson, 1981; Jenkins, Douthwaite & Peedle, 1985; Fagan & Yolton, 1.985; Friendly, Weiss, Barnet, Saumweber & Walker, 1986; Jenkins & Douthwaite, 1988) . The importance of analyzing the PVER amplitude-check size function in interpreting the PVER results in patients also was reported (Sokol, 1983). In normal adults, the PVER amplitude-check size function takes on an inverted-U shape in which the peak amplitude is observed with intermediate checks; the PVER amplitudes elicited by larger and smaller checks are smaller (Harter & White, 1970; Odom, Maida, Dawson & Romano, 1982) . It has been reported that the shape of the function changes in patients with amblyopia (Levi, 1975) , optic nerve diseases (Neima & Regan, 1984) , and macular gliosis (Mehta, Katsumi, Buzney & Hirose, 1992) . A new method of recording the PVER, the spatial frequency sweep pattern reversal visual evoked response (SPVER) technique, was introduced by Regan (1973 Regan ( , 1980 and later by Tyler, Apkarian, Levi and Nakayama (1979) . Using this technique, a large number of grating patterns (usually more than 10) of different spatial frequencies is swept or displayed in succession within 10-20sec without interruption, and the VERs are recorded to the stimuli of each spatial frequency. The SPVER is considered an effective method of measuring VA in infants and young children in whom concentration is limited (Norcia & Tyler, 1985; Gottlob, Fendick, Guo, Zubcov, Odom & Reinecke, 1990; Priinte-Glowaski & Zemon, 1993) .
We investigated whether or not the SPVER acuity and Snellen acuity (SA) correlate in patients with ocular diseases. As a first step, in this study, we compared the PVER acuity obtained with the steady-state SPVER and SA at various levels of optical defocus artificially induced by convex spherical lenses. 903 904 OSAMU KATSUMI et al.
METHODS
Six ophthalmologically normal subjects (three males, three females) ranging in age from 25--47 yr (mean, 33.2 4-6.4) participated in this investigation. Moderate myopic refractive anomalies observed in three of the six subjects were corrected to emmetropia at the time of spatial frequency SPVER recording and SA measurement. The electrophysiological and psychophysical tests were performed monocularly using the dominant eye, determined by a hole-in-card method.
Best-corrected SA was measured monocularly using the ETDRS chart with a retroillumination box (Lighthouse Low Vision Services, NY, U.S.A.) providing standardized chart illumination.
Defocusing images
Image defocusing was achieved by placing convex spherical lenses of varying diopters (D) in front of one eye after correcting for the distance vision. In the SPVER recording, a correction for the testing distance (100 cm) also was made. The power of the convex spherical lenses ranged from +0.5 to +5.0 D in 0.5 D increments. The SPVER recording and SA testing were performed monocularly and began without a convex lens and then proceeded in +0.5 D increments for both measurements. The SPVER acuities and SAs were compared at each level of optical defocus, and the differences in VA between these two measurements were calculated and expressed in octaves.
Recording PVER
A steady-state PVER was recorded. A 19 in, highresolution television monitor (P7A24K-931, Pixelink), with a spatial resolution of 960 raster lines, was used as a stimulus display. The overall stimulus field was 25 x 25 cm. The stimulus field size subtended a visual angle of 14 × 14 deg at the testing distance of 100 cm. The contrast was set at 90% and the mean luminance was maintained at 50 cd/m 2 (1.2 log foot-Lambert).
The PVER was recorded using standard electroencephalogram cup electrodes of Oz/Pz, amplified with a 0.5-100 Hz (-3 dB) bandwidth isolated differential amplifier (Model Enfant 4010, Neuroscientific Corp., Farmingdale, NY, U.S.A.), and digitized at 180 Hz phasecoherent (i.e., synchronous harmonic) with stimulus presentation. The digitized samples were divided into analysis records (i.e., epochs) of 180 points each (i.e., 1 sec). Each record was analyzed using discrete Fourier transform (DFT) without windowing because of the coherent sampling. The resulting DFF values were vector-averaged and converted into polar form to arrive at the value of magnitude and phase for the second harmonic frequencies (i.e., 12 Hz) of the mean value of the Fourier coefficients.
The spatial frequency SPVER was used to determine the PVER acuity. Sinusoidally modulated vertical gratings of 10 different spatial frequencies, ranging from 0.52 (58.2 min arc) to 30.36 c/deg (0.99 min arc) were spatially swept. In this study, the reversal rate of the pattern was fixed at 12 reversals/sec (6 Hz), and the SPVER amplitudes at the second harmonic (12 Hz) were calculated by standard DFT analysis, which removes the restriction on record length and eliminates side-lobe leakage because the data are sampled synchronous to the stimulus. Table 1 shows the conversion for each spatial frequency used in CPD, the visual angle in min arc, and the Snellen conversion values and fractions. In SPVER recording, each spatial frequency was displayed for 2 sec for a total time of 20sec (10 spatial frequencies). Generally, the sampling data of three to five sweeps were averaged. The mean value and confidence intervals of the SPVER amplitudes at each spatial frequency were calculated with the DFF program with the Enfant 4010 system and displayed on the cathode ray tube (CRT) of a personal computer (Gateway 2000 Systems, North Sioux City, SD, U.S.A.).
Determining the SPVER acuity and SA
After the SPVER recording session, the SPVER amplitude-spatial frequency function was plotted with the mean and confidence interval values of the amplitudes, which are calculated from the t square statistics against the 10 different spatial frequencies. The SPVER acuity was determined as follows. The best-fit regression line was depicted by selecting two datapoints on the function, one at the spatial frequency that records the peak PVER amplitude and the other at the highest spatial frequency that produces the minimum but yet clearly separate from the background noise on the descending slope of the function. All the datapoints between the maximum and minimum amplitudes were included in the calculation. The spatial frequency value of the SPVER acuity was determined on the x-axis by finding the intercept of the best-fit linear regression line to 0/~V on the y-axis.
All acuity scores were converted into loglo MAR (minimum angle of resolution) values when calculating mean acuity values or the correlation coefficient.
General multiple linear regression models were used to assess the association between the log MAR transform of both SPVER and SA acuities (Neter, Wasserman & Kutner, 1985) . These models can accommodate large numbers of responses on the same subjects (Morrison, 1976) . To avoid overestimating the true strength of 
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FIGURE 2. Snellen acuity of six normal subjects obtained at various levels of optical defocus induced by the spherical convex lenses. The abscissa shows the powers of the spherical lenses used to blur the optic image in diopters; the ordinate denotes the visual acuity in Snellen denomination expressed in logarithmic scale (left) and fraction expression (right). 5 .......................................................................................................... 
FIGURE 4. The differences between the spatial frequency sweep pattern reversal visual evoked response acuity and the Snellen acuity (VA) in six normal subjects at various levels of optical refocus induced by spherical convex lenses. The abscissa shows the powers of the spherical lenses used to blur the optical image in diopters; the ordinate denotes the VA difference in octaves.
RESULTS
Figure la-f shows the SPVER recording at six levels of defocusing in one normal subject. With no optical defocus ( Fig. l(a) ), the function showed a distinctly inverted-U shape that peaked at 4.13 c/deg (7.26min arc), and the SPVER acuity was poorer than the SA in this subject. With refocusing lenses of +0.5 (Fig. l(b) ) and +I.0D (Fig. 1(c) ), the function showed moderate flattening, but the SPVER acuity was still poorer than SA under these conditions. With further optical defocus (> + 2.0 D, Fig. l(d)-(f) ), the function showed further flattening accompanied by amplitude reductions at all frequencies. Under these conditions, SAs were poorer than the SPVER acuities. Figure 2 shows SAs of the six normal volunteers subjected to various levels of optical defocus. The mean SA without optical correction was 20/17.5, which was higher than the mean SPVER acuity (20/27.8) under the There also was a significant association between acuity and the degree of defocusing, and a significant subject-to-subject difference in slope and y-intercept. The average regression equation is (2) log MAR SPVER = 3.04 + 0.61 power (P < 0.001, r 2 = 0.90). Figure 4 shows the mean values and SDs of the acuity differences in octaves between the SPVER acuity and SA at various levels of optical defocus. With no optical defocus, the difference between the SPVER acuity and SA was -0.642 octave; SA being higher than the SPVER acuity. With a +I.0D addition, the difference became almost zero (+0.036 octave). The acuity differences in octaves with +2.0, +3.0, +4.0 and +5.0 D lenses were 0.688, 0.979, 1.139 and 1.138 octaves, respectively. The individual differences in acuity varied with the degree of defocusing. The overall F-value from the repeated measures analysis of variance to test the homogeneity of acuity difference was highly significant (F = 24.14, P < 0.001, based on the Greenhouse-Geisser corrected F with 3 and 15 dD. The pattern of change admits further modeling. For each subject and level of optical defocus, let A be the difference between log MAR SA and log MAR PVER. The expression (3) A = 0.11 --0.11 power (D) was highly significant EFFECt OF OPTICAL DEFOCUS 907 (P < 0.001, r 2 = 0.75). It follows from equation (3) that A < 0 for power >1.0 D and A > 0 for power <1.0 D. In other words, SPVER>SA for power >I.0D and SPVER < SA for power <1.0 D. The following approximate equation can be used for predictive purposes: (4) log MAR SA=-0.10+1.66 log MAR PVER (P < 0.001, r 2 = 0.82).
DISCUSSION
The results reported by numerous investigators indicate that the PVER rettects the function of the central retina; for that reason, the PVER is now widely used in clinical medicine, i.e., ophthalmology, neurology and psychiatry. On the other hand, the PVER is strongly influenced by changing stimulus parameters, such as contrast (Spekreijse, Van der Tweel & Zuidema, 1973; Regan, 1983) , mean lumilnosity ( Van der Tweel, Estevez & Cavonius, 1979) , stimulus field size (Katsumi, Tanino & Hirose, 1988) and rew~rsal rate (Regan, 1983) .
There are different ways to determine PVER acuity. The VA can be estimated from the smallest check size providing a reproducible VER (Towle & Hatter, 1977; Skalka, 1980; Teping, 1981; Jenkins & Douthwaite, 1988; Raniel, Pratt, Neumann & Schachum, 1989) . The VA also can be determined from the amplitudes taken at different spatial frequencies by identifying where the peak response lies (Sokol et al., 1983; Spekreijse, 1983; Miiller & Sch6neich, 1989) . Another approach is that the regression line of the PVER amplitude-check size function is extrapolated to zero amplitude or the noise level, then the check size that coincides with this intercept is assumed to indicate the detail resolution ability of the eye (Odom, Maida, Dawson & Romano, 1983; Jenkins et al., 1985; Fagan & Yolton, 1985; Simon & Rassow, 1986; Chan, Odom, Coldren, Dove & Chao, 1986) . Simon and Rassow (1986) postulated that linear regression as an analysis method has advantages compared with the threshold method. On the other hand, Jenkins et al. (1985) reported that the extrapolation technique assumed curvilinear regression and produced correlations no better than did a method using amplitude measurement of a single check size of 5.5 min arc.
The spatial frequency sweep technique was first described by Regan (1973) for the purpose of quickly assessing VA in pediatric patients. Tyler et al. (1979) studied the effect of optical defocus in SPVER acuity in normal subjects and reported that the PVER acuity declined with the addition of spherical convex lenses. They reported that the PVER acuity with +1.0 D was 8 CPD (20/75) and with +.3.0 D, 2.0 CPD (20/300), which were slightly lower than our results. Norcia and Tyler (1985) , Gottlob et al. (1990) and Priinte-Glowaski and Zemon (1993) applied this method to the evaluation of visual function in infants and young children in whom the subjective measurement of vision is difficult. Norcia, Tyler and Hammer (1988) expanded the method not only to measure visual function but also contrast sensitivity using the contrast sweep method. Orel-Bixler, Haegerstrom- Portnoy and Hall (1989) reported its efficacy in handicapped subjects, including adults.
In this study, SA and the SPVER acuity were compared at various levels of VA under optical blur induced by plus convex lenses. We found that when SA was >20/60, it was better than the SPVER acuity. This may be partially explained by the characteristics of the CRT display. When using the CRT as a stimulus display, creating gratings higher than 30.0 c/deg (1 min arc) is difficult because of the presence of a raster line that usually has pixels that subtend the visual angle larger than i min/arc. The testing distance can be altered, but a very fine pattern such as I rain arc may have a saturation effect resulting from the presence of too many elements in the whole visual field (Katsumi et al., 1988) . Another important aspect to be considered is the method of extrapolating amplitude to the zero microvolt level. Zemon, Hartman, Gordon & Priinte (1993) had reported on the efficacy of using the multivariate statistical measure of noise along with the sweep VEPs to assess the spatial function. When SA was <20/100, the SPVER acuity became higher than the subjective VA in all subjects. The reason for this is unclear, but we speculate that when the subjective VA level decreases, the PVER is contaminated with the response that is related to movement detection and luminosity change rather than contrast-or resolutionrelated components. Katsumi, Hirose, Sakaue and Mehta (1990) , using a standard PVER recording technique, measured the PVER amplitudes at various levels of optical defocus induced by the same method. They found that when a pattern with high contrast and a large check size was used, the PVER was recordable, although greatly reduced, up to +20D of defocusing, which decreased the subjective VA to the hand movement level. They speculated that the PVER recorded under such conditions is related to movement detection and luminance change but not to contrast changes. The size of the stimulus field also is very important because in this study, we used the stimulus field size of 14 x 14 deg, which may affect significant responses from parafoveal pathways that may alter the shape of the spatial tuning functions. Regarding the works comparing the PVER acuity (not the spatial frequency sweep method) and SA, Towle and Harter (1977) found a high correlation (r = 0.89) between these two measures. Teping (1981) , using the same optical defocus and the extrapolation method, reported that these two measures correlate between the SA range of 0.1 (20/200) to 1.0 (20/20), which agrees with our present findings. Fagan and Yolton (1985) and others reported the possibility of a large discrepancy, although with generally good agreement. Gottlob, Wizov, Odom and Reinecke (1993) compared the SA and the SPVER acuity in mostly pediatric patients. Although they found a high correlation between these two measurements in patients with organic disease of the retina and optic nerve, they found poor correlation in patients with nystagmus. Regarding studies comparing the SPVER acuity and preferential looking (PL) acuities in infants, the SPVER acuities were reported to be higher In summary, the SPVER acuity correlated with SA in normal subjects up to the VA level of 20/70 when optical defocus was artificially induced by spherical convex lenses. At lower VA levels, the SPVER acuities were always higher than SA, probably because of the effect of movement-elicited responses. For further evaluation of the efficacy of this method, research including normal subjects with other modes of visual deterioration such as light scattering, mean luminosity change, or image distortion may be informative. In addition, clinical research comparing SA and PVER acuity, including more pathologic conditions, may be required. From our preliminary results, acuities obtained with the SPVER method seem to be well correlated with subjective acuities when the level of visual impairment is moderate. For clinical application, this method may be effective for evaluating VA in the pediatric population as well as in adults with verbal impairment resulting from neurological problems or linguistic and speech limitations.
